The E3L proteins encoded by vaccinia virus bind double-stranded RNA and mediate interferon resistance, promote virus growth, and impair virus-mediated apoptosis. Among the cellular proteins implicated as targets of E3L is the protein kinase regulated by RNA (PKR). To test in human cells the role of PKR in conferring the E3L mutant phenotype, HeLa cells stably deficient in PKR generated by an RNA interference-silencing strategy were compared to parental and control knockdown cells following infection with either an E3L deletion mutant (⌬E3L) or wild-type (WT) virus. The growth yields of WT virus were comparable in PKR-sufficient and -deficient cells. By contrast, the single-cycle yield of ⌬E3L virus was increased by nearly 2 log 10 in PKR-deficient cells over the impaired growth in PKR-sufficient cells. Furthermore, virus-induced apoptosis characteristic of the ⌬E3L mutant in PKR-sufficient cells was effectively abolished in PKR-deficient HeLa cells. The viral protein synthesis pattern was altered in ⌬E3L-infected PKR-sufficient cells, characterized by an inhibition of late viral protein expression, whereas in PKR-deficient cells, late protein accumulation was restored. Phosphorylation of both PKR and the ␣ subunit of protein synthesis initiation factor 2 (eIF-2␣) was elevated severalfold in ⌬E3L-infected PKR-sufficient, but not PKR-deficient, cells. WT virus did not significantly increase PKR or eIF-2␣ phosphorylation in either PKR-sufficient or -deficient cells, both of which supported efficient WT viral protein production. Finally, apoptosis induced by infection of PKR-sufficient HeLa cells with ⌬E3L virus was blocked by a caspase antagonist, but mutant virus growth was not rescued, suggesting that translation inhibition rather than apoptosis activation is a principal factor limiting virus growth.
Among the antiviral defenses of mammalian cells are the production and action of interferons (IFN) and, subsequently, the programmed death of virus-infected cells. Viruses have evolved mechanisms to counter apoptosis and to antagonize the actions of IFN (16, 40) . Poxviruses, including vaccinia virus, are large DNA viruses that possess Ͼ200 genes and replicate in the cytoplasm of infected host cells (35) . Several poxvirus genes specify proteins that act to impair host responses to infection, including antagonism of IFN signaling, IFN action, and apoptosis (40, 44, 54) . One such vaccinia virus gene is E3L.
The vaccinia virus E3L gene encodes two proteins, p25 and p20, that are synthesized early during virus infection, likely by a leaky scanning mechanism of translation initiation (10) . The E3L proteins possess two functional domains: an N-terminal Z-DNA binding domain discovered by homology to a repeated domain found in the A-to-I RNA-editing enzyme ADAR1 (22, 36, 51 ) and a C-terminal double-stranded RNA (dsRNA) binding domain discovered by homology to the protein kinase regulated by RNA (PKR) (8, 18, 33) that is now known in several cellular dsRNA binding proteins (50) . Vaccinia virus with the E3L gene deleted (⌬E3L) displays a different growth phenotype and mediates a different apoptotic response from wildtype (WT) virus in cell culture. The host range of ⌬E3L mutant virus is restricted, as exemplified by the replication of ⌬E3L virus in rabbit RK 13 cells but not in human HeLa cells (3, 9) . In HeLa cells, where ⌬E3L virus growth is restricted, multiplication of WT virus is resistant to IFN pretreatment, whereas in ⌬E3L permissive cells the mutant virus growth is sensitive to the antiviral actions of IFN (2, 3, 9, 47) . Furthermore, ⌬E3L mutant-virus-infected HeLa cells undergo apoptosis, whereas WT virus-infected HeLa cells do not (21, 28) . E3L mutants that retain dsRNA binding activity complement the ⌬E3L deletion and rescue mutant virus growth in cultured cells (9, 47) , whereas the N-terminal and the C-terminal domains of E3L are required for pathogenesis in the mouse model (6) .
The key cellular target and the molecular mechanism by which E3L antagonizes host responses in vaccinia virus-infected cells have remained elusive. Among the RNA binding proteins implicated as physiologic targets of E3L are cellular proteins activated by dsRNA, including the PKR kinase (10) , the family of 2Ј,5Ј-oligoadenylate synthetases (OAS) that act through RNase L (37) , and the IFN regulatory factors IRF3 and IRF7 (48) . Studies with null mouse embryonic fibroblasts (MEFs) and ⌬E3L mutant virus showed that the yield of ⌬E3L mutant virus was about 20-fold higher in both RNase L singlenull MEFs and combined RNase L and PKR double-null MEFs than in WT MEFs (57) , whereas other studies indicated that the basal level of PKR was the critical determinant for the ability of ⌬E3L mutant virus to replicate in different cell lines (26, 32) .
PKR, the protein kinase regulated by dsRNA, is a wellcharacterized antiviral protein in the IFN defense system (16, 40) . The Pkr gene, often seen to be constitutively expressed at variable but low levels in untreated and uninfected cells, is transcriptionally activated by IFN treatment and virus infection (40, 49, 56) . In response to physiologic stimuli, including virus infection, inactive PKR protein is activated by a dsRNAmediated dimerization and subsequent autophosphorylation process (33, 34) . Following RNA-dependent autoactivation, among the best-characterized substrates of PKR is the ␣ subunit of protein synthesis initiation factor 2 (eIF-2␣) (41) . Phosphorylation of eIF-2␣ on serine 51 leads to inhibition of translation. PKR also is reported to modulate signal transduction responses, including the NF-B activation pathway (5, 24) and the p38 mitogen-activated protein kinase pathway (15) .
Vaccinia virus encodes two protein antagonists of PKR, E3L and K3L (10) . Two mechanisms have been advanced to account for the PKR antagonism of E3L, one by sequestering the activator RNA (20, 47) and the other by direct protein-protein interaction involving the substrate binding region of PKR to form inactive heterodimers (39, 45) . K3L is thought to impair PKR activity through a fundamentally different mechanism than E3L (40) . K3L is a homologue of eIF-2␣ and acts as a pseudosubstrate to block the phosphorylation of eIF-2␣ (7). Unlike the E3L deletion virus, mutant vaccinia virus possessing the K3L deletion replicates in HeLa cells and remains IFN insensitive (3, 26) .
In addition to impairment of the antiviral activity of IFN and effects on host range, the vaccinia virus E3L protein also mediates resistance to apoptosis (14) . HeLa cells infected with vaccinia virus with the E3L gene deleted have been shown to undergo apoptosis, whereas HeLa cells infected with WT vaccinia virus do not (21, 28) . Studies with vaccinia virus recombinants expressing either mutant E3L proteins or alternative dsRNA binding proteins established that suppression of apoptosis induction in infected HeLa cells correlates with dsRNA binding activity (21) . We recently established HeLa cell clones stably deficient in PKR and showed that apoptosis in these HeLa cells induced by dsRNA is PKR dependent (58) .
To test whether the cellular PKR protein is a primary target of the vaccinia virus E3L protein in infected human cells and to assess the extent to which the PKR protein is required for virus-induced apoptotic responses in cells infected with ⌬E3L mutant virus, we studied HeLa cells either stably deficient or sufficient in PKR. We examined the role of PKR in virus replication and E3L mutant virus-induced apoptosis by comparing WT and mutant virus strains (⌬E3L, lacking E3L; ⌬83N, possessing an N-terminal deletion of E3L; and ⌬26C, possessing a C-terminal deletion of E3L) in parental HeLa cells (PKR ϩ ) compared to a PKR-deficient HeLa cell clone (PKR knockdown [PKR kd ]) in which Ͼ95% of PKR protein expression is stably silenced and a PKR knockdown control cell clone (PKR kd-con ) with parental levels of PKR. The growth of ⌬E3L virus and ⌬26C virus expressing a truncated E3L protein lacking dsRNA binding activity was restricted in the PKRsufficient parental PKR ϩ and control PKR kd-con HeLa cells, but yields were increased by nearly 2 log 10 in PKR-deficient HeLa cells. Yields of the WT and the ⌬83N mutant were comparable in the PKR-sufficient and -deficient HeLa cells and remained resistant to both IFN-␣ and -␤. Vaccinia virusinduced apoptosis seen in ⌬E3L-and ⌬26C-infected PKRsufficient cells was absent in infected PKR-deficient cells. In ⌬E3L-infected PKR-deficient cells, the phosphorylation of PKR and eIF-2␣ was abolished, resulting in a normal expression pattern of viral proteins. Although ⌬E3L-induced apoptosis could be inhibited by treatment of PKR-sufficient cells with a caspase inhibitor, the growth of ⌬E3L virus was not rescued.
RESULTS
Growth of the vaccinia virus ⌬E3L mutant is rescued in PKR-deficient HeLa cells. Prior studies showed that vaccinia virus ⌬E3L has a limited host range and replicates poorly in HeLa cells compared to WT virus (3, 9) . To test whether PKR plays an obligatory role in limiting the growth of the ⌬E3L mutant in human cells, a HeLa clonal line was examined in which PKR protein expression is stably knocked down by RNA interference (58) . These PKR kd cells possess less than 5% of the PKR protein found in either their parental PKR ϩ cells or PKR kd-con cells (Fig. 1A) . While both IFN-␣ and IFN-␤ induced PKR in the PKR ϩ and PKR kd-con HeLa cells, the level of PKR measured by Western immunoblot assay in the PKR kd clone was nearly undetectable even after treatment with type I IFN (Fig. 1A, lanes 4 to 6) . These three HeLa cell clonal lines were then examined for the ability to support the growth of the ⌬E3L mutant compared to WT virus and also to mount an IFN-induced antiviral state against these viruses.
As shown in Fig. 1B (Fig. 1B) . Consistent with prior findings, the yield of the ⌬E3L mutant was about 100-fold lower than that of WT virus in PKR-sufficient cells, both the parental PKR ϩ cells and the PKR kd-con cells. By contrast, the yield of the ⌬E3L mutant in PKR kd cells was significantly increased (Fig. 1B, center) , with a minimum of 30-to 50-foldhigher yields of ⌬E3L in the PKR kd cells than in the PKR ϩ and PKR kd-con cells. Even though the growth of the ⌬E3L mutant was rescued in the absence of PKR, pretreatment with IFN-␣ or IFN-␤ only modestly decreased the yield of ⌬E3L virus in PKR kd cells, about three-to fivefold (Fig. 1B, center) . Phosphorylation of initiation factor eIF-2␣ is impaired in ⌬E3L mutant-infected PKR-deficient HeLa cells. One mechanism by which the protein synthesis pattern is regulated in virus-infected cells is through the phosphorylation of eIF-2␣ at serine 51, which causes an inhibition of translation (12, 41) . eIF-2␣, the best-characterized substrate of PKR, is phosphorylated following dsRNA-mediated autophosphorylation and activation of PKR that includes PKR phosphorylation at threonine 446 (4, 40, 42, 43) . However, kinases in addition to PKR are known in eukaryotic cells that also phosphorylate eIF-2␣ at serine 51, including HRI, PERK, and GCN2 (12, 41) . dsRNA, a PKR activator, has been described in vaccinia virus-infected HeLa cells (55) , and the E3L gene product is a dsRNA binding protein (26, 33) . Furthermore, antagonism of eIF-2␣ phosphorylation in poxvirus-infected cells has been attributed to two viral proteins: E3L, which binds dsRNA, and K3L, which is an eIF-2␣ homologue (7, 26) . Therefore, to test directly the roles of PKR and E3L in determining the phosphorylation status of eIF-2␣ in virus-infected cells, we carried out a time course Western assay to measure the phosphorylation states of both PKR (Thr446) and eIF-2␣ (Ser51) in PKR-deficient and PKR-sufficient HeLa cell clones following infection with either WT or ⌬E3L vaccinia virus.
As shown in Fig. 2 , the amounts of phospho-PKR and phospho-eIF-2␣ were greatly increased in both PKR-sufficient cells, PKR ϩ parental and PKR kd-con control, following infection with ⌬E3L mutant virus (Fig. 2 , right, lanes 18 to 20 and 28 to 30). By contrast, little increase in phosphorylation of either PKR or eIF-2␣ was seen in WT virus-infected PKR-sufficient cells at any time after infection (Fig. 2 , lanes 1 to 5 and 11 to 15). In the ⌬E3L mutant-virus-infected cells, the increase in phosphorylation of eIF-2␣ was seen at times after infection when PKR phosphorylation was increased, beginning at 6 h ( Fig. 2 , lanes 18 to 20 and 28 to 30). By contrast, phosphorylation of eIF-2␣ in the PKR-deficient PKR kd cells was not detectably increased at any time following infection with either ⌬E3L mutant or WT virus (Fig. 2 , lanes 6 to 10 and 21 to 25). The amounts of both PKR protein and phospho-PKR were extremely low and marginally detectable in the PKR kd cells (Fig. 2 , lanes 6 to 10 and 21 to 25).
In the WT virus-infected PKR-sufficient HeLa cells, two size forms of E3L protein (p25 and p20) were detected. Their expression levels were comparable in PKR-sufficient (lanes 3 to 5 and 13 to 15) and -deficient (lanes 8 to 10) HeLa cells (Fig.  2, left) . The E3L proteins were not detected in cells infected with ⌬E3L mutant virus (Fig. 2, right) or in uninfected cells (Fig. 2) . Finally, as an internal gel-loading control, the levels of ␤-actin were similar for all lanes. Failure to express the E3L protein in the mutant-infected PKR-sufficient HeLa cells correlated with the rapid and abundant phosphorylation of PKR and eIF-2␣, whereas neither PKR nor eIF-2␣ phosphorylation was seen in the PKR-deficient cells. These results suggest that the eIF-2␣ phosphorylation seen in vaccinia virus-infected cells is predominantly, if not exclusively, mediated by the PKR kinase and that the lack of expression of E3L proteins in infected cells is sufficient to greatly elevate the level of eIF-2␣ phosphorylation.
Expression of vaccinia virus late proteins in ⌬E3L mutantinfected cells is inhibited in PKR-sufficient cells and rescued in PKR-deficient cells.
To examine the possible functional consequences of the difference in eIF-2␣ phosphorylation seen in ⌬E3L mutant-infected PKR-deficient cells compared to PKR-sufficient HeLa cells for the production of vaccinia virus proteins, three viral proteins (D5, I3, and B5) known to be expressed at different infection stages of the virus life cycle were analyzed (Fig. 3) , in addition to the E3L protein (Fig. 2) . The D5 gene encodes a 90-kDa protein, an intrinsic nucleoside triphosphatase, that is expressed at early times after virus infection (13) ; the I3 gene encodes a 34-kDa single-stranded DNA binding protein that is expressed at early and intermediate times p.i. (38) ; and the B5 gene encodes a 42-kDa membrane glycoprotein expressed at late times p.i. that is required for efficient envelopment of intracellular virions (19) .
In ⌬E3L mutant-virus-infected HeLa cells, viral protein expression varied depending on the presence or absence of PKR (Fig. 3, right) . Expression of the late protein B5 was inhibited in the two PKR-sufficient lines (PKR ϩ , lanes 17 to 20, and PKR kd-con , lanes 27 to 30) infected with ⌬E3L virus. The absence of PKR (PKR kd , lanes 22 to 25) rescued the expression of the B5 protein in ⌬E3L mutant-infected cells (Fig. 3, right) . By contrast, in WT virus-infected HeLa cells, the expression patterns of the three viral proteins, D5, I3, and B5, were not affected by the presence (PKR ϩ and PKR kd-con ) or absence (PKR kd ) of PKR protein (Fig. 3, left) . The production of the three vaccinia proteins in ⌬E3L-infected PKR kd cells, but not PKR ϩ or PKR kd-con cells, resembled that of WT virus-infected PKR ϩ , PKR kd-con , and PKR kd cells. However, in ⌬E3L mutant-infected PKR-sufficient cells, the early gene product D5, while detected from 6 h p.i., did not increase at the later time points, 9 and 12 h p.i. (Fig. 3, lanes 18 to 20 and 28 to 30) . These results suggest that the reduced expression of virus proteins seen in ⌬E3L mutant-infected PKR-sufficient cells, especially the late B5 protein (Fig. 3, right) , correlated with the increased phosphorylation of eIF-2␣ detected from 6 h p.i (Fig.  2) , whereas the increased protein expression seen in the PKRdeficient ⌬E3L-infected cells (Fig. 3, right) correlated with the absence of eIF-2␣ phosphorylation (Fig. 2) .
Effects of PKR on the growth of vaccinia virus mutants lacking either the N-or C-terminal domain of E3L. The singlecycle growth rates of domain-selective E3L deletion mutants, ⌬83N and ⌬26C, were compared in PKR-deficient and PKR- sufficient HeLa cells (Fig. 4) . For reference, the ⌬E3L virus lacking the entire E3L gene grew poorly in PKR-sufficient PKR ϩ parental and PKR kd-con control cells compared to WT virus but nearly as well as the WT in the PKR-deficient PKR kd cells (Fig. 1B and 4) . The presence or absence of PKR did not significantly affect the growth of the ⌬83N mutant with the Z-DNA binding region deleted from E3L; ⌬83N virus growth was comparable to that of WT virus in all three HeLa lines. Deletion of the dsRNA binding region from E3L reduced ⌬26C mutant virus yields about 5-to 10-fold in PKR-sufficient cells, but not in PKR-deficient PKR kd cells, compared to WT virus (Fig. 4) . (21) , and our previous work established that PKR plays a proapoptotic role in HeLa cells transfected with a synthetic dsRNA (58) . To examine whether PKR also plays a role in vaccinia virus-induced apoptosis in HeLa cells, PKR-sufficient and PKR-deficient cells were examined for cleavage of PARP and for caspase 3/7 activation, two indicators of apoptosis.
Apoptosis induced by infection with ⌬E3L mutant vaccinia virus is mediated by PKR. It is known that infection of HeLa cells with the ⌬E3L mutant induces apoptosis in HeLa cells
As an initial measure of apoptosis, cleavage of the 116-kDa PARP protein was analyzed by Western blot analysis at 24 h after infection with either WT virus or the ⌬E3L mutant. As shown in Fig. 5A , the 85-kDa cleavage fragment of PARP was readily detected in extracts of PKR-sufficient parental PKR ϩ (lane 3) and control PKR kd-con (lane 9) HeLa cells infected with the ⌬E3L mutant. By contrast, PARP cleavage was not detectable in the PKR kd cells infected with either the ⌬E3L or WT virus (lanes 5 and 6). Substantially less PARP cleavage was seen in WT virus-infected PKR-sufficient HeLa cells.
A second measure of apoptosis, activation of the effector caspases 3 and 7, was utilized. Caspase activation, monitored by caspase 3/7-dependent generation of the substrate for luciferase, was significantly reduced in the PKR-deficient PKR kd cells following infection with WT or E3L mutant vaccinia virus (Fig. 5B, center) compared to either the parental PKR ϩ or the negative control PKR kd-con line. The ⌬E3L and ⌬26C mutants were the most efficient activators of apoptosis in infected PKRsufficient PKR ϩ and PKR kd-con cells. Caspase activation by the ⌬83N mutant was comparable to that by WT virus in PKRsufficient cells (Fig. 5B) .
The ⌬E3L mutant host range phenotype is apoptosis independent in HeLa cells. We have demonstrated that depletion of PKR can both rescue ⌬E3L-infected HeLa cells from apoptosis (Fig. 5 ) and prevent activation of eIF-2␣ phosphorylation (Fig. 2) , thereby restoring the synthesis of the beacon late viral protein B5 (Fig. 3) . However, from these results, it is unclear whether apoptosis or translation inhibition mediated by PKR is primarily responsible for the host range phenotype of reduced yield of the ⌬E3L mutant in PKR-sufficient cells. To further assess the role of apoptosis in reducing ⌬E3L virus yields, we tested whether ⌬E3L virus growth in PKRsufficient cells could be rescued by a pancaspase pharmacological inhibitor, z-VAD-fmk.
Treatment of the PKR-sufficient PKR ϩ and PKR kd-con cell lines with z-VAD-fmk completely inhibited apoptosis induced by ⌬E3L infection, as demonstrated by two measurements, cell morphology (Fig. 6A ) and PARP cleavage (Fig. 6B) . In PKRsufficient cells treated with the caspase inhibitor, either no or very few apoptotic bodies were observed by microscopy ( Fig.   6A ), and the formation of the 85-kDa PARP cleavage fragment was blocked (Fig. 6B , compare lanes 3 and 9 to lanes 2 and 8). Somewhat surprisingly, however, inhibition of apoptosis by z-VAD-fmk did not rescue the growth of the ⌬E3L virus in PKR-sufficient cells (Fig. 6C, center) . Single-cycle yields of ⌬E3L mutant virus remained low in the PKR ϩ and the negative control PKR kd-con lines and were comparable in the presence and absence of z-VAD-fmk. About 1-to 2-log 10 -higher yields of ⌬E3L virus were obtained in the PKR-deficient PKR kd cells, either with or without caspase inhibitor treatment (Fig. 6C) .
The effect of inhibiting apoptosis on the production of viral proteins in ⌬E3L mutant-infected HeLa cells was also assessed (Fig. 7) . Blockage of apoptosis with the z-VAD-fmk caspase inhibitor did not rescue B5 synthesis in PKR-sufficient HeLa cells (Fig. 7A, lanes 3 and 9) . Similar to the observation with the late B5 glycoprotein, when antisera against vaccinia virion proteins was used to measure viral protein accumulation, efficient production of virion proteins was observed in the PKRdeficient PKR kd cells infected with ⌬E3L mutant virus (lanes 5 and 6) compared to the two PKR-sufficient lines (Fig. 7B, lanes  2 and 3 and lanes 8 and 9) . Addition of the z-VAD-fmk inhibitor did not increase virion protein production in the parental PKR ϩ and control PKR kd-con lines, and the production of 
DISCUSSION
The vaccinia virus E3L gene product is known as an IFN resistance protein, as a determinant of host range and viral pathogenesis, and as a modulator of cellular apoptotic and signal transduction pathways (26, 27, 31) . Mutant vaccinia virus strains with either the entire E3L gene deleted or expressing a truncated E3L protein that lacks the C-terminal dsRNA binding domain display a limited host range for replication (26) and enhanced apoptosis (14, 21) . In this study, we used human cells in which Ͼ95% of the PKR protein was stably depleted (58) to further investigate the role of PKR in determining the E3L mutant phenotype. Several important points emerge from our findings. In addition to showing that the PKR protein plays an obligatory and major role in restricting growth in HeLa cells infected with vaccinia virus lacking E3L, our findings also establish that the virus-induced apoptosis in parental HeLa cells infected with E3L deletion mutant virus is mediated by PKR. Cell death itself does not appear to be the direct determinant of restricted ⌬E3L mutant virus growth and likely is not responsible for the ⌬E3L virus restricted host range. Rather, activation of eIF-2␣ by PKR and the subsequent inhibition of late viral protein production appears responsible for limiting ⌬E3L replication in HeLa cells.
The substantial reduction in the PKR protein level in the PKR kd HeLa cells largely rescued the growth of ⌬E3L in these cells and greatly impaired the apoptotic response triggered by ⌬E3L infection. These results indicate that PKR has an essential and primary role in the innate response of HeLa cells that is antagonized by the E3L protein. Vaccinia virus has been reported to utilize two mechanisms to block the function of PKR, mediated by the E3L and K3L genes, respectively (7, 8, 26, 40, (45) (46) (47) . Our results that show that the depletion of PKR in the PKR kd HeLa cells can complement the ⌬E3L mutant and largely restore viral growth are consistent with the notion that, at least in HeLa cells (26) , it is E3L rather than K3L that is the dominant vaccinia virus antagonist of PKR and that PKR is the primary cellular protein targeted by E3L. Our findings would also favor a mechanism of E3L antagonism in HeLa cells that involves a selective functional effect of E3L on PKR. Such a mechanism could include direct interaction of E3L with PKR involving the C-terminal region of E3L to down-regulate the autoactivation of PKR and subsequent phosphorylation of eIF-2␣ (39, 47) . While E3L protein is a dsRNA binding protein that sequesters dsRNA activators of cellular proteins, such a mechanism seemingly would necessitate selective RNA structure or cellular localization in order to discriminate among potential targets in addition to PKR. Our data do not permit us to distinguish between the two possible mechanisms of E3L antagonism, direct protein-protein interaction or sequestering of RNA.
Combined biological and biochemical studies have identified three different IFN-regulated dsRNA binding proteins whose activities are antagonized by E3L (10, 30, 37) . These include, in addition to PKR (8, 20) , the dsRNA-dependent OAS and the dsRNA-selective adenosine deaminase (ADAR1) (30, 37) . In addition, the activation of the IFN regulatory factors IRF3 and IRF7 is impaired by E3L (48) . dsRNA is either an effector (IRF, OAS, and PKR) or a substrate (ADAR1) of these proteins (17, 40) , and dsRNA is known to be produced during vaccinia virus infection (20, 55) . Both OAS and ADAR1, like PKR, could affect the translational patterns in cells (40) . Rapid activation of OAS and RNase L has been seen in HeLa cells infected with modified Ankara ⌬E3L mutant virus (31) , whereas in studies with the Copenhagen strain ⌬E3L mutant, the amount of PKR was found to be an especially important parameter conferring the ⌬E3L mutant phenotype (26) . Studies with knockout mice and derived MEFs have not given a clear and consistent indication of a singular cellular-protein function primarily disrupted by E3L. For example, the ⌬E3L vaccinia virus did not replicate to high yield or cause significant disease in mice triply deficient for RNase L, PKR, and a third IFN-regulated antiviral protein, Mx1 (57) . We found that the growth of the ⌬E3L vaccinia virus lacking the entire E3L gene was largely recovered by depletion of PKR protein from human HeLa cells. Conceivably, in WT virus-infected mouse cells there may not be a singular limiting cellular-protein function that is antagonized by E3L that conversely impairs virus growth in ⌬E3L mutant-infected mouse cells. In the HeLa cells stably knocked down for PKR, at least two other IFN-inducible gene products, ADAR1 RNA-specific deaminase and STAT1 transcription factor, are unaffected. While the PKR-deficient HeLa cells have less than 5% of the PKR protein of the PKRsufficient parent and control cells, the basal and the IFNinducible levels of ADAR1 and STAT1 are unaffected by the PKR knockdown (58) .
The yield of ⌬E3L virus in the PKR kd cells was only about 3-fold less than that of WT virus in the PKR-deficient HeLa cells and much higher (30-to 50-fold) than the yield of ⌬E3L virus in PKR-sufficient cells, either the parental HeLa PKR ϩ or the negative knockdown control HeLa clone PKR kd-con . This finding is in contrast to our earlier observation with adenovirus, where the growth of virus depleted of the VAI gene was not rescued in the PKR kd cells (58) , suggesting the importance of cellular factors in addition to PKR in conferring the VA RNA phenotype (23, 29) . Depletion of PKR rescued the ⌬E3L mutant vaccinia virus phenotype, as measured by viral growth, by viral protein synthesis patterns, and by virus-mediated apoptosis. Furthermore, when the ⌬83N and ⌬26C E3L deletion mutants were examined, virus expressing ⌬83N, with the N-terminal 83 amino acids deleted, showed a phenotype similar to that of WT virus in the PKR-deficient cells, whereas virus expressing ⌬26C, with the C-terminal 26 amino acids deleted, showed a phenotype similar to that of ⌬E3L virus. These findings suggest that the C-terminal region of E3L that includes the dsRNA binding domain is of fundamental importance in conferring the PKR-dependent ⌬E3L mutant phenotype.
The E3L deletion virus, while substantially rescued in the absence of PKR, did not fully achieve the yield of WT virus in the PKR-deficient cells, indicating that E3L likely has targets in addition to PKR. Two additional candidates are IRF3 and NF-B. Deletions of E3L have been shown to cause the activation of signal transduction cascades leading to up-regulation of host gene expression (27) . The ⌬83N mutant displayed a gene expression profile similar to that of WT virus, and the ⌬E3L mutant profile was similar to that of the ⌬26C mutant (27) , which, interestingly, is conceptually similar to the rescue pattern that we observed for virus growth in PKR-deficient HeLa cells. Prior analyses suggested that activation of IRF3 and NF-B signal transduction cascades by vaccinia virus infection (27) or dsRNA treatment (58) occur through a PKRindependent mechanism.
Vaccinia virus protein expression levels in WT-and ⌬E3L mutant-infected PKR kd cells were comparably high, consistent with the impaired phosphorylation and activation of PKR and subsequent downstream phosphorylation of eIF-2␣. By contrast, when the increased phosphorylation of PKR and eIF-2␣ was observed, expression of early and intermediate viral gene products (D5 and I3) was detected in both ⌬E3L and WT virus-infected PKR-sufficient cells. While no increase of D5 was seen at later time points in ⌬E3L-infected PKR-sufficient cells, expression of D5 and I3 was further increased with increasing time after infection in WT-infected cells. Late gene product (B5) expression was greatly reduced to a marginally detectable level in ⌬E3L-infected PKR-sufficient cells, but in PKR-deficient cells, B5 was expressed to a high level. Thus, the inhibition of late vaccinia virus protein production seen in ⌬E3L-infected cells, as measured by B5 or major virion capsid proteins, can be explained by a PKR-mediated translational inhibition and phosphorylation of eIF-2␣.
Our findings also indicate that PKR is a major cellular determinant of the caspase-dependent HeLa apoptosis induced following infection with the ⌬E3L mutant. We previously established that in PKR-sufficient HeLa cells PKR is a key mediator of the apoptotic response triggered by transfection of dsRNA into PKR-sufficient HeLa cells (58) . dsRNA has been identified in situ within vaccinia virus-infected cells (1, 55) , and dsRNA has been reported to be the initiating signal of cell death in ⌬E3L mutant-infected HeLa cells (21) . Cellular dsRNA binding proteins whose activities have been shown to be affected by E3L and which have been implicated from mouse gene disruption studies in apoptotic responses include RNase L, which is activated by the products of OAS (37) and ADAR1 (30, 52) , in addition to PKR (21, 25, 53) . Our findings from ⌬E3L-infected PKR-deficient PKR kd cells and the two PKR-sufficient controls demonstrate that PKR is the key mediator of apoptosis in the vaccinia virus-infected cells. In the PKR-deficient HeLa cell clone, ⌬E3L infection did not cause either caspase 3/7 activation or enhanced PARP cleavage, both of which were seen in the PKR-sufficient cell controls. Furthermore, the apoptotic response seen in PKR-sufficient HeLa cells following ⌬E3L infection could be blocked by treatment with the caspase inhibitor z-VAD-fmk, consistent with a caspase-dependent virus-induced cell death. However, we observed that apoptosis of PKR-sufficient HeLa cells induced by infection with ⌬E3L virus did not play an antiviral role as earlier hypothesized (21) . The pharmacologic inhibitor of caspase function impaired the ⌬E3L virus-induced apoptosis of PKR-sufficient cells but did not rescue ⌬E3L mutant virus growth or restore the viral translation pattern in the nonpermissive HeLa cells.
